Abstract In this study, oxidation-reduction potential (ORP) was used as a controlling parameter to regulate oxygen dosing to the recycled biogas for online sulfide oxidation in an upflow anaerobic filter (UAF) system. The UAF was operated with a constant influent COD of 18,000 mg/L, but with different influent sulfates of 1000, 3000 and 6000 mg/L. The reactor was initially operated under a natural ORP of -290 mV (without oxygen injection), and was then followed by oxygenation to raise its ORP by 25 mV above the natural level for each influent sulfate condition. At 6,000 mg/L sulfate without oxygen injection, the dissolved sulfide reached 733.8 mg S/L with a corresponding free sulfide of 250.3 mg S/L, thus showing a considerable inhibition to methanogens. Upon oxygenation to raise its ORP to -265 mV (i.e., a 25 mV increase), the dissolved sulfide was reduced by more than 98.5% with a concomitant 45.9% increase of the methane yield. Under lower influent sulfate levels of 1,000 and 3,000 mg/L, the levels of sulfides produced, even under the natural ORP, did not impose any noticeable toxicity to methanogens. Upon oxygenation to raise the ORP by +25 mV, the corresponding methane yields were actually reduced by 15.5% and 6.2%, respectively. However, such reductions were not due to the adverse impact of the elevated ORP; instead, they were due to a diversion of some organic carbon to support the facultative activities inside the reactor as a result of excessive oxygenation. In other words, to achieve satisfactory sulfide oxidation for the lower influent sulfate conditions, it was not necessary to raise the ORP by as much as +25 mV. The ORP increase actually needed depended on both the influent sulfate and also actual wastewater characteristics. This study had proved that the ORP controlled oxygenation was reliable for achieving consistent online sulfide control.
Introduction
Sulfate/sulfide bearing waste streams are generated by many industrial processes such as food processings (e.g. molasses, sea food, edible oil etc.), pharmaceutical, tannery, pulp and paper, and petrochemical (Lens et al., 1998; Genschow et al., 1996) . Anaerobic treatment of such wastewater imposes severe toxicity to methane producing bacteria (MPB) because of the generation of high levels of sulfide (Parkin et al., 1990; Maillacheruvu et al., 1993) or direct sulfide load (Wiemann et al., 1998) . Koster et al. (1986) reported that a free sulfide of 250 mg S/L caused 50% inhibition of methanogenesis in UASB granules. In a lactate-fed serum vial test, McCartney and Oleszkiewicz (1993) observed a 50% inhibition of the methanogenic activity at 100.0 mg/L free sulfide. In an acetate-fed UASB reactor, a free sulfide of 184.0 mg/L was also found to cause a 50% inhibition of methanogenesis at neutral pH (Visser et al., 1996) . Since methanogenesis is crucial for anaerobic organic stabilization, the inhibition often leads to a complete process failure (Lens and Kuenen, 2001) . Therefore, to achieve successful treatment of sulfate-laden wastewater, it is necessary to eliminate sulfide from the reactor as fast as it is produced.
One possible method to control sulfide toxicity is to inject air or oxygen to the system to oxidize sulfide. However, no rational method has been suggested to control the needed oxygen dosing to achieve effective sulfide oxidation without adversely affecting methanogenic activity. Since ORP varies linearly with the logarithm of oxygen concentration, it is felt that this parameter may be used to control oxygen dosing with a goal of achieving sufficient sulfide oxidation, yet still maintaining an acceptable reducing environment for methanogens to function. Based on this context, a series of laboratory studies have been carried out in recent years to evaluate the feasibility of using the ORP control on a long-term basis to regulate oxygen dosing to the recycled biogas to achieve online sulfide oxidation (Leung, 1998; Khanal and Huang, 2001; Khanal, 2002) . This paper presents the findings of the ORP based oxygenation in an upflow anaerobic filter (UAF) during anaerobic treatment of high sulfate wastewater.
Materials and methods

Reactor and substrate
The experiment was carried out in a UAF system with an effective volume of 4.5 L at 35 ± 0.5°C. The UAF was operated at a hydraulic retention time (HRT) of 3 days. The synthetic wastewater, with compositions shown in Table 1 , was fed to the bottom of the reactor at a flow rate of 1.5 L/day. The biogas was collected in a Teflon bag and the collected gas volume was measured by the liquid displacement method. An ORP probe was housed inside each reactor to provide an online ORP recording as well as to regulate the on/off operation of the oxygen dosing. The experimental set-up is shown Figure 1 . Figure 1 Schematic of the upflow anaerobic filter set-up
Seed sludge
The seed sludge for the reactor was obtained from an anaerobic digester of Taipo Sewage Treatment Works, Hong Kong. The sludge culture had been maintained in our laboratory for several years for inoculum purposes in order to reduce the start-up time since this culture was rich in both MPB and SRB and fully acclimatized to a high sulfate environment.
UAF media specifications
Hollow polypropylene plastic rings with a spherical shape (Φ 31.3 mm) and internal ribs were used for the UAF packing. The specific gravity of the plastic rings was 0.93. When packed in the reactor, the porosity was 89%, and its specific surface area was 215 m 2 /m 3 .
ORP measurement and control
The ORP was measured by a double junction platinum band ORP electrode (Cole-Parmer, Model E-27006-21) and pH/ORP meter (Corning pH/ORP meter, Model 345). The proper functioning of the electrode was tested with two different pH buffers (pH 4.01 and 7.00) saturated with quinhydrone. By comparing the redox potential of ZoBell's solution, which was prepared according to the Standard Methods (1995), the ORP meter reading of the treatment system was corrected against the standard reference of hydrogen electrode. The variation of ORP was recorded continuously by a pen recorder (Rikadenki multiple-pen recorder). During the study, the target ORP was maintained at an elevated value of either -275 or -265 mV (i.e., 25 mV above the system natural ORP of -300 and -290 mV, respectively). The target ORP was controlled by a pH/ORP controller (Cole-Parmer, Model E-05656-05). That is, O 2 injection was automatically turned on by an electrical solenoid valve (SMC, Model VX2110) whenever the reactor ORP was 10 mV below the target value. When the solenoid valve was on, pure oxygen was injected to the recycled biogas line at a flow rate of 5-6 ML/min until the ORP was raised to 10 mV above the target level. At that time, the solenoid valve was automatically turned off and the oxygen injection was stopped. The ORP profiles during oxygenation at different influent sulfates are shown in Figure 2 .
Analytical methods
The effluent sample was centrifuged at 12,000 g (Sorvall Instrument, Model RC5C) for 10 minutes. The clarified sample was diluted to proper concentration ranges of the analytical
Figure 2 ORP profiles during oxygenation: (A) 1,000 mg/L influent sulfate; (B) 3,000 mg/L influent sulfate; and (C) 6,000 mg/L influent sulfate equipment using the double distilled water, and then analyzed for its total organic carbon (TOC) (Shimadzu, Model TOC-5000A), and sulfate [using an ion chromatograph, Dionex, Model DX 500; Column : IonPac AS4A-SC (4 × 250 mm)]. The biogas compositions were measured by gas chromatograph (Shimadzu, Model GC17A) equipped with a thermal conductivity detector. The detailed operating conditions of these instruments have been described elsewhere (Khanal and Huang, 2001 ). The pH of both influent and effluent were measured by a pH meter (Orion Model 420A). The volatile suspended solids (VSS), dissolved sulfide and volatile fatty acids (VFAs) were determined following the procedures set forth in the Standard Methods (1995).
Results and discussion
The UAF was initially operated under natural ORP (without any oxygenation). After acquiring all of the needed baseline operating data, the reactor ORP was then elevated to either -275 or -265 mV (i.e. 25 above the natural ORP of -300 and -290 mV, respectively) through oxygen injection for each influent sulfate level. The influent TOC was kept constant at 6741 mg/L (equivalent to a COD of 18,000 mg/L), but the influent sulfate levels were increased sequentially from 1,000, to 3,000 then to 6,000 mg/L. The corresponding COD loading rate was 6.0 g COD/L-day. It is apparent from Figure 3 that the TOC removal efficiencies for both natural and elevated ORPs were not significantly affected by an increase of influent sulfate from 1000 to 3000 mg/L. The corresponding removal efficiencies were 94.0 to 98.0%. However, when the influent sulfate was further increased to 6,000 mg/L, the effluent TOC started to increase rapidly. At one point, the TOC removal efficiency dropped to as low as 78.0% and continued to go down without any sign of stabilization. The reactor's performance was actually on the verge of collapse. This finding evidently suggested that at 6000 mg/L influent sulfate, the produced sulfide had imposed considerable toxicity to MPB, but not to SRB since the sulfate removal efficiency still stayed at 99.7% (results not shown due to page limitation). The dissolved sulfide in the reactor was 733.8 (corresponding free sulfide of 250.3 mg S/L) and this was detrimental to MPB. The imposed toxicity on methanogens was also manifested by a high accumulation of volatile fatty acids (VFA) up to 3,019 mg HAc/L, which was significantly higher than the common 50-250 mg HAc/L value reported for normal operating anaerobic reactor (Sawyer et al., 1994) .
When oxygen was injected into the recycled biogas (which was used for reactor mixing) by controlling the target ORP at -265 mV, both dissolved and free sulfides were reduced to as low as 12.2 and 3.5 mg S/L, respectively, and remained nearly unchanged during the entire operation as shown in Figure 4 . As a result of eliminating sulfide toxicity, the TOC removal efficiency improved significantly and was maintained at 97.6%. Moreover, the accumulated VFAs were also rapidly reduced to as low as 65.5 mg HAc/L as a result of rejuvenating the methanogenic activity. Figure 5 shows the methane generation rates at different influent sulfate and ORP levels. At a high sulfate level of 6,000 mg/L, methanogenesis was adversely affected due to sulfide toxicity at the natural ORP. As a result, the methane generation rate started to decline sharply. At one point, the methane generation rate was reduced to as low as 3.53 NL/day (NL symbolized methane volume at normal temperature and pressure) and the trend of decline continued without ending. After oxygenation to raise the ORP to -265 mV, both dissolved and free sulfides were almost completely eliminated (Figure 4) , and as a resuslt, methane generation was improved appreciably. After reaching the steady state condition, the mean methane generation rate was 5.15 ± 0.23 NL/day. Such an improvement in methane generation was of course attributed to the elimination of sulfide toxicity to MPB.
In this study, an influent sulfate of up to 3,000 mg/L did not induce any noticeable sulfide toxicity to MPB under the natural ORP. There was some slight decline on the methane generation at the 3,000 mg/L sulfate. Such a decline, however, was not due to sulfide toxicity to MPB; Instead, it was mainly due to a diversion of more substrate towards sulfate reducing pathway because of a higher influent sulfate level. This suggestion was substantiated from the calculation that [CH 4 -COD + SO 4 -COD + biomass-COD] was almost the same for both 1,000 and 3,000 mg/L influent sulfate conditions under the natural ORP. When oxygen was injected to elevate the ORP to -275 mV for the two lower sulfate conditions (1,000 and 3,000 mg/L), the methane yields were reduced by 15.5% and 6.2%, respectively, with respect to natural ORP. These reductions were not due to the adverse impacts to MPB by the elevated ORP; instead, it was attributed to the oxidation of some organic carbon by the facultative bacteria as a result of excessive oxygenation. This had diverted a part of the substrate from the methanogenic pathway. The facultative bacteria have a half velocity constant (K s ) of only 10% of that for the anaerobic microorganisms (Speece, 1996) . Thus, the facultative heterotrophs have a much stronger affinity for the limiting substrate. As a result, they are stronger competitors for the substrates as compared to the anaerobes. In this study, 13.5%, 4.7% and 4.1% of the influent COD were found to be oxidized by the facultative bacteria at 1000, 3000 and 6000 mg/L influent sulfates, respectively, during oxygenation. The results apparently showed that the extent of facultative activity depended on the influent sulfate level. At a high sulfate level, the availability of excess oxygen for facultative activity was reduced since sulfide oxidation consumed most of the injected oxygen. On the other hand, at a low sulfate level, less oxygen was needed for sulfide oxidation, thereby allowing more oxygen to be utilized by the facultative bacteria. Thus, at lower sulfate levels, it would not be necessary to raise the ORP by 25 mV. A smaller value of ORP increase would be sufficient to achieve adequate sulfide oxidation, and this would reduce the facultative activity.
To ascertain the existence of facultative heterotrophs, the specific oxygen uptake rate (SOUR) of the sludge culture from the reactor was measured at the end of oxygenation period for all influent sulfate levels. The SOUR values were found to vary from 16.8 to 21.0 mg O 2 /g VSS-hr. The typical SOUR value for typical municipal activated sludge systems was around 60-70 mg O 2 /g VSS-hr (Huang, 2002) . Thus, the SOUR results obtained in this study clearly demonstrated that the mixed culture from the anaerobic reactor had a significant capability for aerobic oxidation when trace levels of molecular oxygen were available.
Conclusions
Based on this study, the following conclusions can be drawn.
• The ORP based oxygenation was able to achieve on-line sulfide oxidation effectively.
The influent sulfate level dictated the actual need for the ORP increase.
• At 6,000 mg/L influent sulfate, through oxygenation to raise the ORP by +25 mV, the dissolved and free sulfides were effectively oxidized. However, at lower influent sulfates (1,000 and 3,000 mg/L), the same level of ORP increase incurred too much oxygenation which would divert a portion of organic carbon to facultative activity, thereby reducing some methane yield.
• Without oxygenation, a significant sulfide toxicity to MPB was observed at 6000 mg/L influent sulfate, and this caused a 48% reduction in methane yield. With oxygenation to increase the ORP by 25 mV, the dissolved and free sulfides were reduced by more than 98.5%, thereby eliminating the sulfide toxicity to MPB.
• At 1,000 and 3,000 mg/L influent sulfate levels, methane generation rates declined by 15.5% and 6.2% respectively during oxygenation due to some substrates diversion to facultative activity. However, at 6,000 mg/L sulfate level, the methane yield improved by 45.9% due to elimination of sulfide toxicity and not much substrate diversion to the facultative activity.
• ORP based oxygenation was able to control consistent and reliable on-line sulfide toxicity control on a long-term basis.
